Introduction
Members of the small GTPase superfamily play important roles in the regulation of a wide range of biological functions. The superfamily in mammalian cells consists of six families: Ras, Rho, Rab, Arf, Sar1 and Ran (Hall, 1994; Takai et al., 1996) . Proteins belonging to the superfamily contain structural motifs involved in GDP/GTP-binding and GTPase activity, which are highly conserved among them and divided into four regions (Bourne et al., 1991; Valencia et al., 1991) . They also possess the eector domain, which is relatively well conserved among members of each family. Furthermore, members of Ras and Rho families basically contain at their C-termini the CAAX motif (C, cysteine; A, aliphatic amino acid; X, any amino acid). The CAAX motif is a signal for three types of posttranslational modi®cations, i.e., isoprenylation (farnesylation or geranylgeranylation), proteolysis, and methylation (Glomset and Farnsworth, 1994) . Some of the members including K-RasB, RhoA, RhoB and Rac1 have just upstream of the CAAX motif a cluster of basic amino acids (polybasic region), whereas H-Ras and N-Ras contain Cys residues for palmitoylation. The isoprenyl groups in combination with either the polybasic region or the palmitoyl groups are required for anchorage of the proteins to the cell membranes (Glomset and Farnsworth, 1994) .
To date more than ten members each of the Ras and Rho families have been identi®ed (Hall, 1994; Takai et al., 1996) . Primary functions of Ras family members are to control cell growth, dierentiation, transformation and apoptosis (Bollag and McCormick, 1991; Lowy and Willumsen, 1993; Lin et al., 1995; Wang et al., 1995; Trent et al., 1996) , whereas those of Rho family members are to regulate organization of the actin cytoskeleton (Hall, 1994; Takai et al., 1995; Narumiya, 1996) . Typically, microinjection of RhoA, Rac1 and Cdc42 into cultured ®broblasts induces the actin stress ®bers, membrane rues (lamellipodia), and microspikes (®lopodia), respectively, as well as the focal complexes associated with these structures Nishiyama et al., 1994; Kozma et al., 1995; Nobes and Hall, 1995) . In Drosophila melanogaster, a constitutively active form of Drac1, a homolog of mammalian Rac1, causes a complete failure of myoblast fusion as well as defects in axonal outgrowth in peripheral neurons (Luo et al., 1994) . Recent extensive studies have shown that Ras and Rho families share several functions. Microinjected H-Ras also can induce membrane rues as does Rac1 (Bar-Sagi and Feramisco, 1986; . Introduction of Clostridium botulinum C3 ADPribosyltransferase (C3 exoenzyme), which inactivates Rho by ADP-ribosylation, or dominant negative forms of Rac1 and Cdc42 into ®broblasts results in the arrest in G1 phase of the cell cycle (Yamamoto et al., 1993; Olson et al., 1995) . In addition, microinjection of constitutively activated RhoA, Rac1, or Cdc42 induces G1-S progression in quiescent ®broblasts (Olson et al., 1995) . Rac1 and RhoA are activated by oncogenic HRas in ®broblasts and there is now compelling evidence that they are essential components of Ras-induced malignant transformation (Qiu et al., 1995; Prendergast et al., 1995; Khosravi-Far et al., 1995) . These studies support roles for some Rho family members in the positive control of signal transduction pathways involved in the cell cycle progression induced by Ras family proteins.
Terminal dierentiation of skeletal muscle cells is obligatorily accompanied by cell fusion of undifferentiated myoblasts to form multinucleated myotubes (Yae, 1969; Nadal-Ginard, 1986, 1987) .
During maturation of the myotubes to myo®bers, numerous myo®brils develop in the cytoplasm from nascent myo®lament bundles (Endo and Masaki, 1984) . Considering the negative roles of the constitutively active Drac1 in myoblast fusion in Drosophila, some members of Rho family and possibly also of Ras family expressed in mammalian skeletal muscle cells are likely to play important roles in regulating myoblast fusion. Structural similarity of the myofilament bundles to the stress ®bers (micro®lament bundles) in nonmuscle cells (Endo and Masaki, 1984) , which are induced by RhoA, suggests that some Rho or Ras family members expressed in striated muscle cells participate in regulating myo®bril or myo®lament bundle formation.
To the ultimate ends of elucidating the regulatory mechanisms of skeletal muscle cell fusion and myo®brillogenesis, we have cloned cDNAs encoding several small GTPases from the skeletal muscle cell line C2. Among them, one clone encoded recently reported RhoD (Murphy et al., 1996) . Another clone coded for a novel member of Ras family, and thus the protein was designated as M-Ras. We examined its biochemical properties, tissue speci®city of expression, and subcellular localization. Functional analyses by microinjection and transfection revealed that it was involved in reorganization of the actin cytoskeleton.
Results

Cloning of M-Ras and RhoD
At ®rst, to obtain partial sequences including the 3' end of small GTPases expressed in the mouse skeletal muscle C2 myoblasts and myotubes, we took advantage of the strategy of rapid ampli®cation of cDNA ends (RACE) (Frohman et al., 1988) based on the DNA polymerase chain reaction (PCR). Because most of the known Rho family proteins share the WDTAGQE sequence in the second domain for GTPase activity, the corresponding 3' Amp primer was used to amplify the sequences downstream of this domain. From the cDNA populations of C2 myoblasts and myotubes, we obtained one (gMb1) and three (gMt1, 2 and 3) clones, respectively, coding for putative small GTPases. Among these PCR products, only gMt1 encoded a novel small GTPase. gMb1, gMt2, and gMt3 corresponded to Rab11, Rac1 and Rab13, respectively. To determine the entire coding sequence of gMt1, we screened a C2 myotube cDNA library with the PCR product and obtained six positive clones (gMt1a ± f). Among them, gMt1e included an entire coding sequence, which was identical to recently reported RhoD (Murphy et al., 1996) . gMt1d contained another sequence coding for a novel small GTPase. As this gMt1d clone represented a partial coding sequence lacking the 3'-terminal sequence including the termination codon, we further screened with this clone cDNA libraries derived from C2 myoblasts and rat brain. Clones containing the entire coding sequence were obtained from both the cDNA libraries. Since the protein encoded by gMt1d shared the highest similarity with Ras family proteins (see Figures 2 and 3) , we referred to it as M-Ras (M stands for muscle and microspikes). Figure 1 shows the nucleotide sequence and its predicted amino acid sequence of the rat brain MRas. The cDNA contained an open reading frame coding for a 208-amino acid protein with a calculated molecular mass of 23,901 Da. Predicted amino acid sequence from the mouse C2 M-Ras cDNA was identical to the rat brain counterpart except for one homologous amino acid substitution of Glu 9 , which may not result in any signi®cant functional dierence between the rat and the mouse proteins.
Sequence and functional domains of M-Ras
Among the small GTPase families, Ras family proteins were most closely related to M-Ras with identities of 40 ± 61%. Comparison of sequences between M-Ras and representatives of Ras family showed that the motifs for GTPase activity and GDP/ GTP-binding were conserved in M-Ras (Figure 2) . The core sequence of the eector domain of M-Ras was identical to those of most Ras family members. Within the extended eector domain (Self et al., 1993) , however, M-Ras diverged from the other Ras family proteins at as many as seven amino acids with respect to the nature of their side chains (Figure 2 ). This may imply that M-Ras interacts with its eector proteins which are distinct from those of the other Ras family proteins. The C-terminal sequence of M-Ras was CVIL and consistent with the CAAX motif. This Cys residue seems to be geranylgeranylated rather than farnesylated because CAAX geranylgeranyl transferase prefers Leu at the X position and transfers a geranylgeranyl group (Glomset and Farnsworth, 1994) . This is demonstrated with several Ras family members, Rap1A, Rap1B and Rap2B, which have Leu at the X position. Particularly, unprocessed form of Rap2B ends with CVIL as does M-Ras, and this Cys is processed by geranylgeranylation (Farrell et al., 1992) . M-Ras contained upstream of the CAAX motif the polybasic region but not a palmitoylatable Cys residue, either of which is required, in collaboration with the isoprenyl group, for anchorage of the protein to the cell membranes (Glomset and Farnsworth, 1994 ). An intervening Thr 190 in the polybasic region might be phosphorylated by a protein serine/threonine kinase as has been demonstrated with K-RasB and Rap1B (Ballester et al., 1987; Hata et al., 1991) .
To investigate the evolutional relationship of M-Ras to the known members of Ras and Rho families, their amino acid sequences were aligned and analysed by the unweighted pair group method with arithmetic mean algorithm (UPGMA) (Nei, 1987) . Ras family including M-Ras formed one clade and Rho family clustered within another clade ( Figure 3 ). M-Ras diverged from the main clade of Ras family after RalA and Rap1A did. This relationship may also suggest unique functions of M-Ras among Ras family.
Tissue-speci®c expression of M-Ras
We carried out Northern blotting to examine whether M-Ras was speci®cally expressed in particular cells or adult mouse tissues. Between two species (4.2 and 1.7 kb) of M-Ras mRNAs, the 4.2 kb mRNA was most abundant in brain and also present in C2 myoblasts to a lesser extent (Figure 4 ). On the other hand, the 1.7 kb mRNA was present in brain and C2 myoblasts at almost equivalent amounts. Both these mRNAs were hardly detected by Northern blotting in other cells or tissues examined. Analysis by reverse transcription (RT)-PCR revealed that M-Ras was also expressed in C2 myotubes, BALB/3T3 ®broblasts, skeletal muscle, heart and uterus (data not shown).
GDP/GTP-binding and GTPase activities
As the motifs for GDP/GTP-binding and GTPase activity were conserved in M-Ras, we analysed by thinlayer chromatography whether they exert these activities. A point mutation was introduced in the cDNA to generate M-Ras G22V corresponding to the constitutively active H-Ras
G12V
. The glutathione Stransferase (GST)-fusion proteins of the wild-type and this mutant were expressed in E. coli and puri®ed. The wild-type M-Ras bound GTP and exhibited GTP-hydrolyzing activity ( Figure 5 ). Although M-Ras G22V bound GTP, it was unable to hydrolyze bound GTP ( Figure 5 ). Thus, this mutant is likely to serve as a constitutively active form. In addition, the biological activity of M-Ras seems to be regulated through the GDP/GTP-binding cycle as the other small GTPases. (Ruta et al., 1986) , mouse K-RasA (George et al., 1985) , rat K-RasB (Higinbotham et al., 1994) , rat N-Ras (van Kranen et al., 1994) , mouse R-Ras (Lowe et al., 1987) , human Tc21 (Drivas et al., 1990) , human Rap1A (Pizon et al., 1988) and rat RalA (Wildey et al., 1993) . The amino acid sequences were aligned to search similarity by the method of Lipman and Pearson (1985) and by eye particularly in the Cterminal regions with gaps introduced to maximize the alignment. Insertion made during optimization is marked with a dash. Amino acids at positions of 450% identity are shown in white on black. Single overlines represent the core motifs for GTPase activity and GDP/GTP-binding. A double overline and dashed overlines denote the core and the extended eector domains, respectively. Amino acids distinct from those in the other Ras family proteins in the extended eector domains are pointed out by daggers. A dotted overline designates the polybasic region. A thick overline indicates the CAAX motif 
Microspike and actin foci formation by microinjection of M-Ras
To investigate the cellular function of M-Ras, the bacterially expressed recombinant proteins were microinjected into serum-starves subcon¯uent Swiss 3T3 ®broblasts. These quiescent cells still contained many actin stress ®bers although the stress ®bers were thinner than those in proliferating cells (Kozma et al., 1995) . Fluorescein-conjugated dextran was coinjected with the proteins to identify injected cells. When the constitutively active M-Ras G22V was injected into the cells, many microspikes several to 10 mm long were generated at the cell periphery within 10 min ( Figure  6a ). Rhodamine-phalloidin staining indicated that these microspikes contained actin ®laments and that the stress ®bers were still present in these cells. The microspikes as well as stress ®bers remained 30 min after the injection (Figure 6b ). Several injected cells exhibited microspikes or thin processes as long as 30 mm by 2 h after the injection (Figure 6c and d) . These cells contained in the cytoplasm numerous actin foci and no stress ®bers any more. Some of these foci were located at the roots of the microspikes. The cells injected with the dominant negative M-Ras S27N did not show any apparent phenotypic alterations (Figure 6e ). These results indicate that M-Ras aects the organization of actin cytoskeleton and induces its rearrangement. Since Cdc42 is known to form microspikes (Kozma et al., 1995; Nobes and Hall, 1995) , we also microinjected constitutively active Cdc42 G12V to the Swiss 3T3 cells. These cells formed microspikes similar to those formed by M-Ras G22V within 10 min after the injection (Figure 6f) . However, the microspikes were not evident any more 2 h after the injection (data not shown) probably due to the formation of intervening lamellipodia (Kozma et al., 1995; Nobes and Hall, 1995) .
Subcellular distribution of M-Ras and eects of transfected M-Ras
Subcellular distribution of M-Ras was examined by the Myc-epitope-tagging method coupled to transfection to C3H/10T1/2 ®broblasts. The Myc-tagged wildtype M-Ras was concentrated on plasma membraneassociated structures such as microspikes, membrane rues, and pseudopods in addition to a diuse distribution throughout the cytoplasm (Figure 7a ). The Myc-tagged constitutively active M-Ras G22V and dominant negative M-Ras S27N also exhibited similar membrane-associated and cytoplasmic distributions (Figure 7c , e ± h). Microspikes several to 10 mm long were formed at the cell periphery of the wild-typeand M-Ras G22V -transfected cells within 18 h after the transfection (Figure 7a ± d) . These microspikes included actin ®laments as revealed by the staining with rhodamine-phalloidin. The microspike formation is consistent with the results of microinjection. Notably, the cells were deformed and showed arborized or dendritic ®gures by 36 h after the transfection (Figure 7e ). They often possessed microspikes as long as 30 mm. The arborization became more prominent with the lapse of time, and the whole cell bodies turned to long and thin branched protrusions with microspikes by 48 h after the transfection (Figure 7f ). In contrast, the microspike formation and the cell deformation were hardly detected in the M-Ras S27N -transfected cells (Figure 7g and h). Transfection of Myc-tagged constitutively active Cdc42
G12V to C3H/10T1/2 cells also induced actin ®lament-containing microspikes within 18 h (data not shown). These cells became round and lost stress ®bers as has been shown by Manser et al. (1997) but never exhibited the arborized forms even 48 h after the transfection (data not shown). . The proteins were incubated for 30 min at 378C in the assay buer. The activity was analysed by thin-layer chromatography followed by autoradiography
Discussion
We have cloned a novel small GTPase M-Ras from the skeletal muscle cell line C2 and brain. The motifs for GDP/GTP-binding and GTPase were conserved in MRas. In fact, both activities of these proteins were evidenced by the thin-layer chromatography. The core sequence of the eector domain (YDPTIEDSY) is conserved among Ras family proteins except for RalA and RalB. It is now demonstrated, however, that the extended eector domain (amino acids 25 ± 46 in H-, K-and N-Ras) is essential for the biological activity of Ras proteins (Self et al., 1993) . Although M-Ras contained the conserved core eector domain, it diverged from the other Ras family proteins at seven amino acids in the extended eector domain. This suggests that M-Ras utilizes eector proteins distinct from those of the other Ras family proteins. In this consequence, M-Ras may exert unique functions including the formation of microspikes and cytoplasmic actin foci as well as the induction of the arborized cell shapes. This notion is corroborated by the evidence that R-Ras, which contains seven distinctive amino acids in the extended eector domain, is functionally distinguishable from H-, K-and N-Ras (Rey et al., 1994) . Rap1A and Rap1B, which antagonize the transforming function of Ras, have ®ve diverged amino acids in the extended eector domain (see Figure 2) at these corresponding positions, it is of interest to examine whether M-Ras can reverse the transforming activity of Ras.
In Ras, the switch 1 region corresponding to the core eector domain and proximal loop 4 (amino acids G12V , 10 min after the injection. Cells were stained with rhodamine-phalloidin to detect actin ®laments. Scale bar, 30 mm 60 ± 65) of the switch 2 region are responsible for binding of the GTPase-activating protein p120-GAP (Polakis and McCormick, 1993) . On the other hand, amino acids 62 ± 78 almost equivalent to the switch 2 region are involved in the interaction with the guanine nucleotide exchange factors, Sos1 and Ras-GRF (Cdc25 Mm ) (Mosteller et al., 1994; Quilliam et al., 1994 Quilliam et al., , 1996 . Since these domains are highly conserved , 48 h after the transfection. The Myc-tagged products were detected by the staining with the anti-Myc-tag monoclonal antibody Myc1-9E10 (a, c, and e ± h). Actin ®laments were detected by the staining with rhodamine-phalloidin (b and d). Scale bar, 30 mm in M-Ras (see Figure 2) , the activity of M-Ras might be regulated by the same or similar upstream regulators.
Microinjection of the M-Ras G22V into the serumstarved Swiss 3T3 cells induced many microspikes at the cell periphery within 10 min. In addition, transfection of the Myc-tagged wild-type M-Ras and constitutively active M-Ras G12V to C3H/10T1/2 cells formed microspikes at early stages. These microspikes appeared to be indistinguishable from those induced by Cdc42. The microspikes induced by microinjected Cdc42 are no longer visible 15 ± 30 min after the microinjection due to the formation of intervening lamellipodia by the sequential activation of Rac1 (Kozma et al., 1995; Nobes and Hall, 1995) . Nevertheless the M-Ras-injected cells exhibited at later stages the long microspikes or processes at the cell periphery and the actin foci with no stress ®bers in the cytoplasm. The M-Ras G22V -transfected cells were eventually deformed and showed arborized ®gures with microspikes. It remains to be examined whether the actin foci-containing cells with long processes are in a transitional state to the arborized cells or whether the actin foci-containing cells are generated only under the serum-starved conditions. Cdc42 induces peripheral actin microspikes not only by extension (®lopodia) but also by cell retraction (retraction ®bers) (Kozma et al., 1995; Manser et al., 1997) . Since the ®lopodia and the retraction ®bers are indistinguishable on the basis of phalloidin staining, time-lapse microscopy is required to determine the type of microspikes induced by MRas. The peripheral long processes of the actin focicontaining cells and the cortical microspikes of the arborized cells, however, seem to correspond to the retraction ®bers because these cell bodies appeared to be contracted. In addition to the microspike formation, Cdc42 also induces loss of stress ®bers and formation of the actin-containing podosome-like structures, which are more evident in the transfected or the cDNA-injected cells (Kozma et al., 1995; Dutartre et al., 1996; Manser et al., 1997) . The actin foci and disassembly of actin stress ®bers in the MRas-injected cells might be equivalent to the podosome-like structures and loss of stress ®bers induced by Cdc42. Manser et al. (1997) have shown that microinjection of the cDNA encoding the Cdc42 eector a-PAK fused with Cdc42 G12V into HeLa cells give rise to collapsed cell shapes with radiating processes. The arborized cell ®gures induced by the transfection of M-Ras G22V are reminiscent of these collapsed cell shapes. M-Ras and Cdc42 might therefore partially share their target eector proteins that mediate the formation of certain type of microspikes and podosome-like structures and the disassembly of stress ®bers. However, the core and extended eector domain sequences of M-Ras are distinct from those of Cdc42. Thus, alternative possibility is that M-Ras may activate Cdc42 either directly as its eector protein or indirectly. This is analogous to the relationship that microinjected HRas acts upstream of Rac1 in the cascade of membrane rue formation .
So far, we are unable to answer the question whether M-Ras and RhoD participate in the regulation of myoblast fusion or myo®brillogenesis. Northern blotting analysis indicated that both these small GTPases were not speci®cally expressed in muscle cells, although RhoD mRNA was enriched in C2 myoblasts and myotubes (data not shown). Though not speci®cally expressed in muscle cells, Drosophila Drac1 regulates muscle cell fusion (Luo et al., 1994) . Thus, it is necessary to investigate the roles of M-Ras and RhoD, in addition to the other Ras and Rho family proteins, in the above cellular events during myogenesis. Particularly, since M-Ras, Cdc42, Rac1 and RhoD are likely to mediate reorganization and disappearance of the stress ®bers (Kozma et al., 1995; Murphy et al., 1996; Manser et al., 1997) (data not shown), they may hinder the development of the structurally related myo®lament bundles. Alternatively, because the stress ®bers are replaced by the myo®lament bundles during myo®brillogenesis, disassembly of the stress ®bers by these small GTPases may be a prerequisite for the formation of myo®lament bundles. Ectopic expression of these small GTPases in combination with identi®cation of their eector proteins in myocytes will elucidate their cellular functions during myogenesis, if any.
Materials and methods
DNA polymerase chain reaction
To clone small GTPases expressed in the skeletal muscle cell line C2 (Yae and Saxel, 1977) , the procedure of RACE (Frohman et al., 1988) was applied. Cytoplasmic RNAs were prepared from C2 myoblasts and myotubes, and poly(A) + RNAs were isolated as described previously (Endo and Nadal-Ginard, 1987) . The ®rst strand cDNAs were synthesized with SuperScript II RNase H(7) reverse transcriptase (Gibco BRL) to the templates of poly(A) + RNAs primed with (dT) 17 -XEB adaptor. Since most of the known Rho family proteins share the WDTAGQE sequence in the second domain for GTPase activity, the corresponding 3' Amp primer and XEB adaptor in addition to the ®rst strand cDNA were included in the PCR mixture. Forty cycles of the ampli®cation reaction was carried out on Zymoreactor II (Atto, Japan) with Taq DNA polymerase (Boehringer Mannheim) according to a step program (at 948C for 40 s, at 558C for 2 min, and at 728C for 3 min). Sequences of the primer or adaptors used are: (dT) 17 -XEB adaptor, 5'-GCTCGAGAATTCGGAT-CC(T) 17 -3'; 3' Amp primer, 5'-ATCTGGGACACAGCAG-GCCAAGA-3'; and XEB adaptor, 5'-GCTCGAGA-ATTCGGATCC-3'. The PCR products were subcloned in pMOS Blue T-Vector (Amersham) and their nucleotide sequences were determined manually with BcaBEST dideoxy sequencing kit (Takara Shuzo, Japan).
Construction and screening of cDNA library
Poly(A) + RNAs isolatd from C2 myoblasts and myotubes were applied to the synthesis of cDNAs. Each cDNA library was constructed in lZAPII with ZAP cDNA synthesis kit (with Uni-ZAP, Stratagene). The unamplified total libraries of myoblasts and of myotubes contained 4.3610 6 and 4.1610 6 recombinants, respectively. The ampli®ed cDNA libraries were screened with the PCR products that were labeled with a-32 P-dCTP (4111 TBq/ mmol, ICN Biomedicals Inc.) by using BcaBEST labeling kit (Takara Shuzo, Japan). Rat brain cDNA library constructed in lZAPII was presented by Dr K Watanabe. pBluescript SK(7) phagemid containing cloned cDNAs were obtained by in vivo excision.
Sequencing and analyses of sequence data
Nucleotide sequence of the cDNAs was determined either manually or with LI-COR 4000 automated DNA sequencing system by use of SequiTherm Long-Read Cycle Sequencing Kit-LC (Epicentre Technologies). The nucleotide and amino acid sequences were analysed with GENETYX-Mac softwares (Ver. 7.3, Software Development Co., Japan).
Northern blotting
Cytoplasmic RNAs of cultured cells were prepared as described (Endo and Nadal-Ginard, 1987) . Total RNAs of mouse tissues were prepared according to Chomczynski and Sacchi (1987) . Northern blotting was carried out as stated elsewhere (Endo and Nadal-Ginard, 1987) .
Expression and puri®cation of recombinant proteins
Point mutations to give rise to a constitutively active form of M-Ras G22V and a dominant negative form of M-Ras
S27N
were introduced in their cDNAs with Transformer sitedirected mutagenesis kit (Clontech Laboratories, Inc.).
Coding sequences of the wild-type and the mutated MRas were fused in frame to GST in pGEX-2T (Pharmacia Biotech). The constitutively active Cdc42 G12V cDNA subcloned in pGEX-2T was presented by Dr Y Takai. These recombinant fusion proteins were expressed in E. coli strain XL1-Blue and anity-puri®ed with glutathioneSepharose (Pharmacia Biotech) as described (Self and Hall, 1995) . GST moiety was removed from the fusion proteins by digesting with 10 U/ml bovine thrombin (Sigma) (Self and Hall, 1995) .
GDP/GTP-binding and GTPase assay
GDP/GTP-binding and GTPase assay of the recombinant GST-fusion proteins by thin-layer chromatography was carried out according to Foster et al. (1996) . Brie¯y, each GST-fusion protein bound to glutathione-Sepharose was incubated with 370 kBq of [a-32 P]GTP (4111 TBq/mmol, ICN Biomedicals Inc.) in the incubation buer (50 mM NaCl, 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.1 mM EGTA, 0.1 mM DTT and 10 mM ATP) at 378C for 10 min. After washing with the wash buer (20 mM MgCl 2 , 50 mM Tris-HCl (pH 7.5), 1 mM DTT, and 1 mg/ml bovine serum albumin), GTPase reaction was carried out in the assay buer (50 mM NaCl, 5 mM MgCl 2 , 50 mM Tris-HCl (pH 7.5), 5 mM DTT and 1 mM GTP) at 378C for 30 min and stopped by the addition of the ice-cold wash buer. After washing with the wash buer, bound nucleotides were eluted by incubating the Sepharose beads in 1% SDS and 20 mM EDTA at 658C for 5 min. Dissociated samples were spotted on polyethyleneimine-cellulose plates (MachereyNagel, Germany). The released nucleotides were resolved by thin-layer chromatography in 0.75 M KH 2 PO 4 and visualized by autoradiography.
Microinjection
Swiss 3T3 ®broblasts (Todaro and Green, 1963) were grown on glass coverslips in Dulbecco's modi®ed Eagle's (DME) medium containing 10% fetal calf serum (growth medium).
Serum-starved subcon¯uent cells were prepared by culturing the cells for 48 h in DME medium containing 0.2% NaHCO 3 (Kozma et al., 1995) . The recombinant constitutively active and dominant negative small GTPases at a concentration of 0.5 mg/ml in 150 mM NaCl, 10 mM TrisHCl (pH 7.6), 5 mM MgCl 2 , and 1 mM dithiothreitol were microinjected into the cells with Eppendorf Femtotips (tip diameter, 0.5+0.2 mm) by using an Eppendorf Transjector 5246 and an Eppendorf Micromanipulator 5171 under observing the cells with a Zeisss Axiovert 135T microscope. Fluorescein-conjugated dextran (70 000 MW, anionic, lysine ®xable; Molecular Probes, Inc.) at a ®nal concentration of 0.5 mg/ml was coinjected with the proteins to allow identi®cation of injected cells. The volume of the protein samples injected into a cell was estimated at *3610 714 liter. The cells were ®xed and permeabilized, and actin ®laments were detected by staining with rhodamine-phalloidin as described (Endo et al., 1996) . The specimens were observed with a Zeiss Axioskop microscope equipped with phase-contrast and epifluorescence optics by using a Zeiss 636Plan-Neo¯uar lens.
Epitope tagging and transfection pCMVmyc vector, a gift from Dr N Toyota, was constructed by introducing in pBK-CMV (Stratagene) a nucleotide sequence coding for an epitope of Myc (EQKLISEEDL) to generate the epitope tag at the Nterminus of a protein encoded by an inserted cDNA. cDNA fragments containing the entire coding regions of the wild-type and the mutated rat M-Ras were fused in frame to the N-terminal Myc-tag in this vector. The constitutively active Cdc42 G12V cDNA subcloned in pEF-BOS-myc vector was presented by Dr Y Takai. The mouse C3H/10T1/2 ®broblasts (Rezniko et al., 1973 ) cultured on glass coverslips in the growth medium were transfected with these plasmids by the calcium phosphate-mediated method as described (Endo et al., 1996) . The transiently transfected cells were processed for immuno¯uorescence microscopy (Endo et al., 1996) . The ®xed and permeabilized cells were incubated with the anti-Myc-tag monoclonal antibody Myc1-9E10 (Evan et al., 1985) (American Type Culture Collection) and then with¯uorescein isothiocyanate-conjugated goat anti-rabbit IgG (anitypuri®ed, Cappel Laboratories) plus rhodamine-phalloidin (Molecular Probes, Inc.). The specimens were observed with the Zeiss Axioskop microscope as stated above.
